Three alternative soil amendments of organic wastes are considered: application of untreated animal 17 manures, bioslurry from biogas digestion, composted materials, and biochar produced by pyrolysis 18 cook-stoves. Application of untreated manures provides high input of available nutrients, which results
Introduction
organic wastes in crop production [42] , and this could be a major constraint to improving yields, but in 177 many other areas, there is a long history of farmers applying organic wastes to their fields, with 178 documented evidence for example in Ouagadougou in Burkina Faso [43] , Bamako in Mali [43] and 179 Kano in Nigeria [44] and manure production being given by smallholder farmers in some regions as 180 being a major reason for keeping cattle [45] . Waste management practices differ between rural and 181 urban areas, with a large fraction of the rural waste being scavenged and recycled, whereas the 182 waste often presents a problem of disposal in urban areas [8] . Export of wastes to rural areas could 183 provide a solution to waste disposal, while returning nutrients back to the areas used to grow crops 184 [43] .
186
In rural areas, there is strong competition in the use of animal manures and straw for household 187 energy provision or for soil fertility management. Traditionally, organic wastes have been dried and 188 burnt as a fuel, leaving ash residues that do not greatly enhance the organic matter or N content of 189 the soil. Another traditional use is as a building material; this application means that none of the C or 190 nutrient content of the organic wastes is returned to the soil. If this organic waste was instead used to 191 produce biogas, significant increases in C and nutrient inputs to the soil are likely, as well as providing 192 a convenient and clean source of household energy.
194
With other uses, the impacts of diverting the organic wastes to biogas production are not so easily 
207
Pyrolysis, aerobic composting and anaerobic digestion all have potential to improve crop productivity 208 and soil fertility by adding organic matter and nutrients to the soil. A direct comparison is needed of 209 the improvement in soil fertility and crop yields achieved using the same quantity of starting material if 210 applied untreated, or applied after treatment by the different methods. In this paper, we review the 211 available evidence for comparing the impacts of different treatments of organic wastes on the 212 availability of nutrients to crops.
214
2. Factors affecting availability of nutrients from organic wastes to crops 215 216 2.1. Nutrient release characteristics of organic wastes 217 218 The nutrients held in organic wastes can be categorized as immediately available, rapidly released, 219 slowly released or unavailable [29, 55] . Nutrients that are immediately available to the plant are in the 220 form of a small mobile ion, such as ammonium (NH 4 + ) that can readily be taken up by the plant 221 without the need for further chemical or biological conversion. Rapidly released nutrients will be 222 released to the plant by the soil micro-organisms in the first years following application. 
314
Carbon rich plant residues, such as cereal straw, can contain appreciable amounts of nutrients [59].
315
However, release of the nutrients requires the organic material to be decomposed by micro-316 organisms. Because of the high C:nutrient ratios, the soil micro-organisms using the residue as an 317 energy source will require more nutrients than are available in the residue. These nutrients are 318 scavenged from the surrounding soil, and so incorporation of C rich plant residues can actually result 319 in short term nutrient deficiency in crops before the nutrients are finally released [59] . Therefore, C 320 rich plant residues should not be applied directly to crops without an additional source of available 321 nutrients.
323 3.2. Fresh organic wastes in Sub-Saharan Africa 324 325
Animals in farming systems in SSA are typically fed materials that are low in nutrients, which will result mass ratio in tree leaves (43.6:1) and paper (372.1:1), suggesting initial immobilization of N will occur, 330 but a low C:N mass ratio in household refuse (8.7:1) and slaughter-house wastes (15.1:1), which will 331 tend to release N. Organic wastes from rural households in SSA will tend to be composed of animal 332 manure, household refuse and tree leaves, suggesting that if applied untreated, some degree of 333 immobilization of the immediately available N will occur, but there may be longer-term mineralization 334 of N from the decomposing household refuse. 
392
[80] observed that in pit composts in SSA, stabilization of organic matter occurred more rapidly in 393 mixtures including slaughter-house wastes, was progressive in mixtures with household wastes, but 394 was very slow in composts of tree leaves. Immediately available N was highest in composts 395 containing slaughter-house wastes, and remained low in composts made from household wastes or 396 tree leaves. In the small-scale rural household setting, it is likely that the composts will be derived 397 from household wastes, nutrient deficient animal manures and tree leaves, so it is expected that 398 immediately available nutrients in the compost will remain low, nutrients being released to the plant by 399 microbial action over the growing season. This will also tend to result in lower losses of nutrients 400 during the composting process, so it is likely that composting will be a highly efficient method of 401 retaining nutrients in the soil / crop system, although there may be a tendency for immobilization to 402 occur if the composts are incorporated when they are not sufficiently mature.
404 4.4. Availability of nutrients from composts compared to fresh organic wastes 405 406
When compared directly with incorporation of the fresh organic wastes typical of SSA, using 407 composted materials will tend to increase the availability of nutrients to the crops by increasing the 408 range of materials that can be amended to the soil, and reducing volatilization and immobilization 
. Composition of bioslurries 454 455
Anaerobic digestion similarly concentrates the nutrients that are initially in rapidly and slowly released 456 forms by release of C during decomposition, but this time the C is released as methane (CH 4 ). The 457 stability of organic matter is increased, but the C:nutrient ratio decreases, resulting in a product with a 458 high content of rapidly released nutrients [91] . In contrast to aerobic composting, because oxygen 459 rather than nutrients limit decomposition, anaerobic digestion tends to increase the content of 
Losses during anaerobic digestion 475 476
Losses of nutrients during the digestion process may be expected to be less from anaerobic digesters 477 than from compost heaps due to the use of an airtight vessel. Biogas is generally composed of 48-478 65% CH 4 , 36-41% CO 2 , up to 17% nitrogen gas, <1% oxygen gas, 32-169 ppm hydrogen sulphide 479 and traces of other gases [98] . Therefore losses of nutrients other than N during this process can be 480 expected to be small. In measuring nutrient losses in large centralized biogas plants in Europe, Möller 
573
Information on the availability of nutrients in different biochars is essential if we are to understand the 574 potential benefits of biochar to plant growth [131] . In a review of the chemical constituents of biochars 575 produced from a range of different feedstocks under different temperature conditions, Atkinson et al.
576
[49] showed that biochars differ significantly in the ratio of C to nutrients they contain ( Fig.1 & 2) , with 577 the presence of the key nutrients being linearly dependent on the levels within the initial feedstocks 
584
Insert Figures 1 and 2 here.
586
The availability of these nutrients to the crop depends on the recalcitrance of the organic residues 587 produced. Pyrolysis converts much of the C that remains in the residue into a recalcitrant form, so 
599
these results suggest that some methods used to produce biochar may also contribute bioavailable C 600 to the soil.
602
Collated C:N ratios of biochars, summarized in Fig. 1, suggest 
650
The increase in surface area is highly dependent on the final temperature of pyrolysis; low 651 temperature processes potentially allowing volatile organic compounds to recondense, blocking the pores and reducing their adsorption potential [127, 128] . Both anionic and cationic forms of soil 653 nutrients may be held on exchange sites on the surfaces of the biochar, making them less susceptible 654 to loss by leaching, but remaining accessible to the growing plant [144] . This can improve fertility in 
688
Use of bioslurries has the potential to greatly improve the availability of nutrients to the crop, but 689 repeated small applications to avoid volatilization or leaching losses require a higher input of labor 690 than a single dose of organic fertilizer at the start of the season. In composts, nutrients are provided in 691 a rapidly released form that will gradually become available to the crop over the course of the growing 692 season, so much reducing the risks of nutrient loss, but without the additional labor requirement [56].
693
Losses during treatment from composting are approximately double the losses that occur during 694 anaerobic digestion [112] , but if the farmer prefers to apply organic fertilizer just once at the start of 695 the season, the risks of nutrient loss by leaching or volatilization will be much reduced by using 696 composts instead of using bioslurries.
698
A larger proportion of N is likely to be lost during pyrolysis than during anaerobic digestion or 
